Oligonol is a low-molecular-weight form of polyphenol and has antioxidant and anti-inflammatory activity, making it a potential promoter of immunity. This study investigates the effects of oligonol supplementation on leukocyte and immune cell counts after heat loading in 19 healthy male volunteers. The participants took a daily dose of 200 mg oligonol or a placebo for 1 week. After a 2-week washout period, the subjects were switched to the other study arm. After each supplement, half-body immersion into hot water was made, and blood was collected. Then, complete and differential blood counts were performed. Flow cytometry was used to enumerate and phenotype lymphocyte subsets. Serum concentrations of interleukin (IL)-1β and IL-6 in blood samples were analyzed. Lymphocyte subpopulation variables included counts of total T cells, B cells, and natural killer (NK) cells. Oligonol intake attenuated elevations in IL-1β (an 11.1-fold change vs. a 13.9-fold change immediately after heating; a 12.0-fold change vs. a 12.6-fold change 1h after heating) and IL-6 (an 8.6-fold change vs. a 9.9-fold change immediately after heating; a 9.1-fold change vs. a 10.5-fold change 1h after heating) immediately and 1 h after heating in comparison to those in the placebo group. Oligonol supplementation led to significantly higher numbers of leukocytes (a 30.0% change vs. a 21.5% change immediately after heating; a 13.5% change vs. a 3.5% change 1h after heating) and lymphocytes (a 47.3% change vs. a 39.3% change immediately after heating; a 19.08% change vs. a 2.1% change 1h after heating) relative to those in the placebo group. Oligonol intake led to larger increases in T cells, B cells, and NK cells at rest (p < 0.05, p < 0.05,
Introduction
The immune system performs a protective function against external pathogens or stressors. Several studies have demonstrated that the adequate intake of vitamins and antioxidants is crucial for the efficient functioning of the immune system [1] [2] [3] . In this regard, the present study hypothesizes that the antioxidant oligonol affects the human immune system.
Oligonol is a novel compound produced from the oligomerization of polyphenol and is an optimized phenolic product containing catechin-type monomers and oligomers (dimers, trimers, and tetramers) of proanthocyanidin that are easily absorbed [4] . In the last decade, several studies have demonstrated the antioxidant and anti-inflammatory activity of oligonol [5] [6] [7] [8] . However, the effects of oligonol supplementation on immunity remain unclear. A study of effects of the long-term supplementation of oligonol (100 mg per day for a month) on the resting level of leukocytes found no significant effect [5] .
The present study considers an experimental protocol consisting of 1 week of oligonol supplementation (200 mg per day) and acute heat stress, including half-body immersion in hot water, because heat stress stimulates the immune function and induces some disturbance, including leukocytosis, granulocytosis, monocytosis, and lymphocytosis [9] .
Passive hyperthermia (a rise in the body's core temperature) is a consequence of a heat gain in excess of the body's ability to dissipate it and is observed under environmental heat loading such as hot-water immersion. Hyperthermia results in the significant activation of immune cells and cytokine production. Circulating pro-inflammatory cytokines, including interleukin (IL)-1β and IL-6, are "endogenous pyrogens" involved in the febrile response during infection or inflammation [10] . Therefore, it is necessary to test the anti-inflammatory effect of oligonol in response to heat stress.
The present study evaluates the effects of oligonol supplementation on immune modulation in human subjects undergoing some heat load by determining leukocyte and immune cell counts as well as serum concentrations of IL-1β and IL-6.
Experimental Section
A placebo-controlled cross-over design was employed. The subjects consumed oligonol (200 mg per day) or a placebo for 1 week. Two periods were separated by a 2-week washout. Half-body immersion in hot water was conducted as a heat load at the end of each period.
Subjects
This experimental protocol was approved by the University of Soonchunhyang Research Committee and a written informed consent form was obtained from all participants after the purpose of the study, experimental procedures, and any potential risks were thoroughly discussed. A total of 19 healthy male college students (age: 23.7 ± 2.3 years; height: 174.5 ± 4.1 cm; weight: 68.9 ± 5.2 kg; body mass index: 19.8 ± 3.0 kg/m 3 ; body fat: 16.4% ± 3.2%; VO 2max : 52.1 ± 4.3 mL/kg/min) were enrolled. The protocol was in compliance with the 1975 Declaration of Helsinki. The subjects refrained from alcohol consumption, smoking, medication, and vigorous physical activity during the testing period.
Supplements
Oligonol is produced by the oligomerization of polyphenols found abundantly in lychees. Typically, the constituents of oligonol include 15%-20% monomers, 8%-12% dimers, and 5%-10% trimers. In this study, oligonol was supplied by Amino Up Chemical Company (Sapporo, Japan). The dose of oligonol (200 mg) was determined previously to be safe for the repeated intake of doses <200 mg/day [11] . Starch was used as a placebo.
Heat Load
All experiments were conducted in a thermoneutral climate chamber (26 ± 0.5 °C; 60% ± 3% relative humidity; air velocity < 1 m/s) from 2 to 5 p.m. Upon their arrival at the climate chamber, the subjects wore shorts and sat in a chair in a relaxed posture for 60 min to become conditioned to the chamber climate prior to the commencement of the experiment. After this rest period, a heat load was applied to each subject through the immersion of half of the body in a hot water bath maintained at 42 ± 0.5 °C for 30 min. Blood was collected at rest, immediately after immersion and 1 h after immersion. Because the water temperature was uncomfortably hot, the subjects were allowed to take breaks as short as 1min at 5, 10, and 20 min checkpoints during the 30 min immersion. The subjects consumed no caffeine, tobacco, or alcohol 48 h before the test and refrained from any intense physical activity 24 h before the test.
Blood Sampling
Blood samples were collected from the antecubital vein of the subjects according to the guidelines of the Clinical and Laboratory Standards Institute to identify changes in serum markers 1 h prior to, immediately after, and 1 h after immersion. Blood was transferred to SST tubes and immediately centrifuged at 4 °C and 3000 rpm for 10 min. The serum was subsequently removed and stored in 1 mL aliquots at −80 °C until its analysis.
Analysis of Serum IL-1ß and IL-6
IL-1β and IL-6 were measured in duplicates by an enzyme-linked immunosorbent assay (R & D Systems, Minneapolis, MN, USA). The intra-assay coefficient of variation (CV) ranged from 3.2% to 10.0%, and the inter-assay CV, from 4.5% to 9.0%. Values below this limit were assumed to be zero for the statistical analysis.
Full Blood Counts
Full blood counts were performed using an AcT 5 diff AL five-part differential hematology analyzer (Beckman Coulter, Palo Alto, CA, USA). This hematology analyzer uses a sequential dilution system and a dual focused flow fluid dynamic technology employing the Coulter principle of impedance to count and size cells.
Assessment of Lymphocyte Subsets
Lymphocyte subsets were assessed using the IOTest kit (Beckman Coulter, Miami, FL, USA). The IOTest kit quantitatively and qualitatively measured the number of blood lymphocytes. This kit included reagents containing phycoerythrin-conjugated monoclonal antibodies specific for T (CD3), B (CD19), and natural killer (NK) (CD16/CD56) lymphocytes. Samples were analyzed according to the manufacturer's instructions.
Tympanic Temperature Measurement
Tympanic temperature (Tty) was assessed in the left ear through the insertion of a thermistor probe (TSK7 + 1, Songkitopia, Incheon, Korea) with a small spring into the ear canal (TAKARA, instrument Co. Ltd., Yokohama, Japan). Here the probe was connected to a personal computer (model CF-T1, Panasonic, Tokyo, Japan) as well as to the model K-720 data logger (Technol Seven, Yokohama, Japan).
Statistical Analysis
Descriptive statistics are expressed as the mean ± standard deviation based on SPSS for Windows ver. 12.0 (SPSS Inc., Chicago, IL, USA). A repeated two-way analysis of variance was conducted to compare values, and a contrast method was employed to compare values within each group. The level of significance was set to p < 0.05. Figure 1 shows the mean serum concentrations of IL-1β and IL-6 over time in the two groups. There were significant increases in all values immediately after heating in both groups. However, oligonol intake attenuated elevations in IL-1β (an 11.1-fold change vs. a 13.9-fold change immediately after heating; a 12.0-fold change vs. a 12.6-fold change 1h after heating) and IL-6 (an 8.6-fold change vs. a 9.9-fold change immediately after heating; a 9.1-fold change vs. a 10.5-fold change 1 h after heating) immediately and 1 h after heating in comparison to the placebo group. 
Results

Serum Concentrations of IL-1ß and IL-6
Leukocytes, Lymphocytes, and Cell Subsets
Differences between the placebo and oligonol groups are shown in Figures 2 and 3 . Mean leukocyte and lymphocyte values of these two groups were significantly different at all checkpoints. Oligonol supplementation led to significant increases in numbers of leukocytes (a 30.0% change vs. a 21.5% change immediately after heating; a 13.5% change vs. a 3.5% change 1 h after heating) and lymphocytes (a 47.3% change vs. a 39.3% change immediately after heating; a 19.08% change vs. a 2.1% change 1 h after heating) in comparison to those in the placebo group.
Counts of T, B and NK cells at rest showed a greater acceleration in the oligonol group than in the placebo group. In addition, oligonol intake led to larger increases in T cells (a 41.4% change vs. a 34.3% change immediately after heating; a 27.4% change vs. a 0.9% change 1h after heating), B cells (a 45.5% change vs. a 35.1% change immediately after heating; a 42.8% change vs. an 8.1% change 1 h after heating) and NK cells (a 71.7% change vs. a 63.9% change immediately after heating; a −13.6% change vs. a 3.1% change 1h after heating) immediately and 1 h after heat loading in comparison to those in the placebo group.
Tympanic Temperature
The tympanic temperature of both trials increased significantly from the resting level immediately after the heat load. However, Oligonol intake led to a lower tympanic temperature than the placebo trial (a change from 36.74 ± 0.23 °C to 37.70 ± 0.30 °C vs. that from 36.68 ± 0.18 °C to 37.84 ± 0.32 °C, p < 0.01). 
Discussion
This study evaluates the effects of oligonol on immunity through the regulation of immune cells in response to heat. According to the results, oligonol supplementation attenuated elevations in tympanic temperature and serum levels of the pro-inflammatory cytokines IL-1β and IL-6 after heating. Total leukocyte and lymphocyte counts showed significant increases at rest and after heat loading in comparison to those in the placebo group. Oligonol intake led to significant increases in T, B, and NK cells at rest and immediately after heat loading, and levels of T and B cells were significantly higher 1 h after immersion in comparison to those in the placebo group. These results suggest that oligonol may be used as a type of adjuvant for improving host immunity. This study is the first to demonstrate immune modulation by oligonol supplementation.
Hyperthermia increases the pro-inflammatory cytokines IL-6 [5, 6, 12] and IL-1β [5, 6, 13] . This study's results are consistent with the findings of studies showing heat-induced incremental increases in IL-6 and IL-1β. It is well documented that pro-inflammatory cytokines such as IL-1β, IL-6, and interferon-γ increase in response to stress [14, 15] . IL-1β plays a crucial role in the cytokine network during the immune response [16] . IL-6, a pro-and anti-inflammatory cytokine, plays a crucial role in the host immune response, acute protein synthesis, and the maintenance of homeostasis. In addition, IL-1β and IL-6, pyrogenic cytokines, are involved in febrile and inflammatory responses [5, 17] . Consistent with the findings of previous research on the thermally induced expression of IL-1β and IL-6 [5, 6] , the results of the present study show a similar pattern. However, the result showing that oligonol intake attenuated heat-induced increases in these cytokines provides support for the anti-inflammatory effect of oligonol. In addition, oligonol also had an antipyretic effect. Oligonol intake attenuated incremental increases in tympanic temperature in comparison to the placebo trial, which is consistent with the findings of previous research [18] .
Hyperthermia plays an important role in the immune system function [19] . Heat exposure, including hot-water immersion and irradiation, can induce leukocytosis, granulocytosis, minor monocytosis, and lymphocytosis [20] [21] [22] . Because the circulating numbers and functional capacity of leukocytes may affect the immune response, the present study analyzes leukocyte and individual lymphocyte counts and observes leukocytosis and lymphocytosis after heat loading. In particular, total leukocyte and lymphocyte counts after oligonol supplementation showed larger increases than those in the placebo group. Immune modulation was observed in lymphocyte subsets. Oligonol intake led to significant increases in T, B, and NK cells at rest and immediately after heat loading, and levels of T and B cells were significantly higher 1h after heating than those in the placebo group. These results suggested that oligonol enhanced the immune system, although the underlying mechanism remains unclear. Hyperthermia-induced leukocytosis was associated with significant changes in the absolute number and percentage of circulating lymphocyte subpopulations. T-suppressor cytotoxic and NK cells have been shown to show significant increases in heatstroke patients [20] . In addition, the activation of NK and T cells by hyperthermia has been observed [23] [24] [25] . The present study's results show a similar pattern of a lymphocyte subset distribution found in previous research [20, [23] [24] [25] .
T lymphocytes play a central role in mounting and regulating the response to both intra-and extra-cellular pathogens. Several studies have found that hyperthermia induces T cells activation [20, 23] . In the present study, the number of T cells increased after heating in both trials, and this was facilitated by oligonol. B cells are known mainly for playing a pivotal role in the production of antibodies against a broad range of antigens. The sign of B-cell activation can be determined by the induction of immunoglobulin production. Although immunoglobulin production was not measured in this study, the number of B cells increased after heating in both trials, and this was facilitated by oligonol. The results for B cells are consistent with the findings of Huang et al. [26] , who demonstrated that the significant activation of B cells by hyperthermia. NK cells are thought to play an important role as the first line of defense against infectious and malignant diseases. Hyperthermia in humans and animals has been shown to increase NK-cell activity as well as the total number of NK cells [27, 28] . The present study's results for NK cells are consistent with the findings of these studies. In particular, oligonol intake helped to enhance the modulation of lymphocyte subsets.
Fever (hyperthermia) is a key element in the acute-phase response and is generally beneficial against bacterial, fungal, and viral infection (e.g., sepsis), even in the case of lipopolysaccharide-induced fever [29, 30] . Previous studies of induced hyperthermia in infected animals have suggested that an increase in the body's core temperature enhances immunity. However, the underlying mechanism through which an increase in the core temperature improves host survival remains unclear. Nevertheless, it is generally accepted that the expression of cytokines plays an important role in the disease process. IL-1β and tumor necrosis factor alpha (TNF-α) are predominantly pro-inflammatory, and IL-6 is a pleiotropic cytokine produced by a wide range of cell types, including leukocytes. According to previous research [29] , fever enhances the specific tissue expression of IL-1β and TNF-α, whereas it enhances the generation of IL-6 in most tissue types. IL-6 plays an important role in limiting local and systemic inflammation by producing negative feedback, which results in an anti-inflammatory and immunosuppressive response [31, 32] . In the present study, oligonol intake attenuated heat-induced increases in these cytokines. However, there was some discrepancy between levels of inflammation and leukocytosis or lymphocytosis after heat loading. In this regard, future research should consider other factors to explain this discrepancy.
In the present study, a relatively small increase in body temperature (<38 °C) through passive heating was sufficient to stimulate immune system activity. Greater leukocytosis and lymphocytosis at relatively low levels of thermal stress (low tympanic temperature) were observed in the oligonol trial in comparison to those in the placebo trial. This suggests that oligonol may enhance sensitivity to heat-induced immune activation. In general, temperature plays a crucial role in the proliferation of leukocytes and lymphocytes, but there is some controversy about this fact. Rhind et al. [33] investigated the role of hyperthermia in the differential leukocytosis of exercise and reported that the elevation of core temperature during exercise is an important mediator of SNS activation (epinephrine, norepinephrine, and cortisol) but that it is not likely to be the sole stimulus of leukocyte redistribution. In addition, they reported no direct relationship between core temperature and lymphocyte subset mobilization [33] . The present study's results provide support for no direct relationship between body temperature and lymphocyte distribution.
The neuroendocrine system affects the immune system, including lymphocyte activity, proliferation, and traffic, through the neuroendocrine humoral outflow via the pituitary and through direct neuronal effects via the sympathetic, parasympathetic (cholinergic), and peptidergic/sensory innervation of peripheral tissue [34] . It is well known that an antioxidant improves the ratio of sympathetic to parasympathetic tone through anti-inflammatory activity [35] [36] [37] . An increase in parasympathetic activity and a decrease in sympathetic activity led to significant increases in WBC counts and NK-cell cytotoxicity, suggesting an improved immune status [38] . This suggests that oligonol, an antioxidant, may enhance the parasympathetic nervous system and lymphocyte proliferation.
The anti-inflammatory and antioxidant activity of oligonol may enhance immunity. Meydani et al. [2] demonstrated that long-term supplementation with vitamin E enhances clinically relevant in vivo indices of the T-cell-mediated function in healthy elderly subjects, and Wintergerst et al. [3] suggested that supplementation with a combination of selected micronutrients (including antioxidant vitamins) supports the body's natural defense system by enhancing all three levels of immunity, namely the epithelial barrier, cellular immunity, and antibody production. Immune cells produce reactive oxygen species (ROS) necessary for microbiocidal activity and are sensitive to external ROS because of their high polyunsaturated fatty acid content [1] . Therefore, the sufficient intake of vitamins and antioxidants may be essential for the efficient functioning of the immune system [1] [2] [3] .
Recent studies have started to identify natural bioactive substances as alternatives to synthetic drugs to mitigate their unwanted side effects [39] [40] [41] . These natural products may be considered potential candidates for the bioactivity of antipyretic, analgesic, and anti-inflammatory agents against fever, algesia, and inflammation, which have been associated with several pathological conditions [39] [40] [41] . Consistent with the findings of these studies, the present study's results provide support for the immune potential of oligonol and raises its potential use with hyperthermia as an adjunct to chemotherapy in malignant diseases [23] .
Future Studies Using a Larger Cohort and also Assessing Cellular Functional Responses will Consolidate in Promoting Our Present Findings.
Conclusions
The results suggest oligonol as a potential immune support supplement.
